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ABSTRACT
The influence of direct current electric fields on the possible electrokinetic
delivery of a nano-iron slurry in clay for the purpose of fast and effective
remediation of soil contaminants has been tested. Previous studies have
demonstrated that nano-iron can be used effectively to transform chlorinated
hydrocarbons (CHCs), such as trichloroethylene (TCE), and heavy metals to less
toxic or non-toxic hydrocarbons or oxidation states. Nano-iron can be introduced
to soil hydraulically in slurry fom1, but in tight clay soil, delivery of a uniform
distribution of the slurry prior to depletion may be difficult to achieve for
effective remediation.
In the current study. water saturated high purity kaolinite clay was used as
the reference clay medium in an electrophoretic cell. AnaIyte. containing polymer
coated nano-iron particles was electrokinetically injected into the soil. In previous
studies, nano-iron was shO\\ll to possess positive zeta potential at pH lower than
8.3. hence at standard operating pH of the electrokinetic experiment. all nano-iron
were expected to migrate to the cathode. Soil redox potential and pH were
measured at discrete locations across a thin soil bed as the particles migrated from
the anode toward the cathode site under an applied electrical potential. Spatial and
7
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temporal pH and thermal effects on zeta potential and redox potential were
analyzed.
It was determined that the redox potential reduced across the soil bed from
anode to cathode as expected, indicative of nano-iron transport from anode to
cathode. The electrokinetically injected nano-iron specimens displayed higher
redox potential at the same pH at the cathode side when compared to control
specimens for which nano-iron was allowed to diffuse for the same test durations.
This was indicative of enhanced transport of nano-iron to the cathode by
electrokinetics. The post-test stoichiometric analysis of the measured quantity of
Fe+2 at the sampling locations versus the corresponding redox potentials was
compared to the Nernst equation predictions for half reaction. The data agreed
better with the Nernst prediction at higher pH regions and displayed an average
constant shift of +0.44V from the Nernst relation. more prevalent at low pH




1.1 The Electrokinetic Problem
Electrokinctics is currcntly bcing utilizcd 111 a varicty of gcotechnical
applications. such as soil rcmcdiation. soil consolidation. rcinforccd soil
construction. dc\\"atcring of clay slurrics and sludgcs. clectrokinetic gcosynthetics.
concretc dccontamination. and clectrically cnhanccd oil production.
1 INTRODUCTION
Electrokinetics is the sustainable process of applying a low current
electrical field across a medium, such as soil, to induce ionic migration and pore
fluid movement. The process is a proven, sustainable technology that can
transport liquids and slurries in clay soil at a significantly higher rate than
hydraulic methods. Harmful heavy metal contaminants and radioactive materials
can thus be removed in-situ. The process is especially useful in applications
where pump-and-treat methods are impractical due to the 10\.\' permeability of the
medium, such as in cohesive, fine-grained clays.
In most field situations. the contaminants are found adsorbed onto soil
surfaces. iron-oxide coatings, soil colloids and natural organic matter. Most
contaminants are retained in clay interstices as hydroxycarbonate complexes. or
present in the form of immobile precipitates and products in soil pore throats and
pore pockets that "lacc" the vadosc zonc. This exacerbates thc situation as thc
available technologies. such as in-situ bioremediation. chemical treatment or the
traditional pump-and-treat method may not be able to treat the entire sitc
cffecti\'Cly inlo\\" pcrmeability soils.
In prcyious inyestigations. the application of dircct elcctric current in soils
was obserycd to contributc to the success of the desired transformation rcactions
by not only proyiding the "driying forcc" nccessary for thc dcliycry of actiyc
rcagents. but also by lowcring thc energy for the rcdox reactions to occur. This
1 INTRODUCTION
Increase was attributed to the possible over-potential created by double-layer
polarization of the clay surf~eading to Faradaic processes under the applied
field.
Research in nanotechnology has become a rapidly advancing field.
Inexpensive, nontoxic nano-iron particles have been shown to be effective in
immobilizing heavy metals in soil, as well as transforming chlorinated organic
compounds, fertilizers, and detoxify pesticides. However, with a limited life on
the order of 4-8 weeks, the nano-iron particles are at risk of not reaching the
contaminated site in time before depleting. Electrokinetics can potentially
enhance the movement of the nano-iron slurry into the soil pores at minimal
added cost. Studying the impact of nanotechnology In geoenvironmental
engineering. coupled with electrokinetics. is a pertinent and timely investigation.
1.2 Motivation and Goals
This study investigates the influence of an injection of nanoscale iron
particles in slurry fom1 into a lab scale kaolinite clay site. Zero-valent iron is a
powerful agent on its 0\\11 in facilitating oxidation-reduction reactions with
hannful contaminants. thereby reducing the oxidation states of the contaminants.
promoting their deterioration to benign substances. and reducing mobility.
1 INTRODUCTION







The transport of nano-iron particles due to electrokinetics through tight
clay soils has not been studied before. The goal of this study is to determine if
electrokinetics can be used to enhance the movement of the nano-iron particles
over diffusion alone.
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Chapter 2
A Brief Review of Electrokinetics
2.1 Electrokinetic Phenomena
Ions present in a saturated porous medium \,'ill spread slowly. mainly due
to molecular diffusion, Molecular diffusion is the random motion of fluid
molecules which results in the moyement of ions from regions of higher
concentrations to regions of lower concentrations. In ,,'ateL molecular diffusiyity
is typically on the order of IO-Q m~!sec (Nazaroff and Alyarcz-Cohen. 2001). With
7
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the application of an applied electrical potential, the ion movement is greatly
enhanced, even greater than that of an applied hydraulic gradient in fine-grained
soils, through the processes of electro-osmosis, electro-migration, and
electrophoresis.
2.1.1 Electro-osmosis
Electro-osmosis describes the movement of an ionic pore fluid between
charged soil surfaces due to the influence of an applied electric potential gradient
(Casagrande, 1983). This phenomenon causes a net movement of cations in the
fluid. resulting in the movement of fluid toward the cathode or negative electrode.
The surfaces of clay particles are negatively charged and attract positive ions. As
an electric field is applied across the anode and cathode, the anions in the pore
fluid are attracted to the anode and the cations are attracted to the cathode.
dragging water in their respective directions. However. due to the negative fixed
surface charge on the soil particle surfaces. more cations are required to balance
the charge. Therefore. the cations will exert more momentum than the anions and
will yield a net movement due to frictional drag of the pore fluid to\\'ard the
cathode (Yeung and Datla. 1995).
s
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I
2.1.1.1 Electro-osmotic Flow Theories
Several theories have been proposed to describe the electro-osmotic flow
through soil pores. Assuming no hydraulic, chemical, or thermal gradients are
present in the system, the flow rate through the soil is given as:
q = vA = k)"A [2.1 ]
where q is the flow rate (m3/s), v is the flow velocity (m/s), ke is the coefficient of
electro-osmotic permeability (typical range of I x 10'9 to lOx 10'9 m2/(V -s», ie is
the electrical potential gradient (V1m), and A is the total cross-sectional area
nomlal to the direction of flow (m2) (Mitchell, 1976). The coefficient of electro-
osmotic pemleability is analogous to the hydraulic conductivity or coefficient of
penlleability of soil, which is extremely dependent on pore size. Therefore, since
tight clay structures such as kaolinite exhibit very low hydraulic conductivities on
the order of 1 x 10,8 to lOx 10'8 m/s. an electrical gradient is a much more
effective driving force than a hydraulic gradient for moving fluid through such
fine-grained soils (Yeung and Datla. 1995).
Additionally. the electroosmotic velocity is a function of the zeta potential
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where C; is the zeta potential, D is the dielectric constant, E IS the electric
gradient, and lJ is the viscosity of the fluid (Khan, Lutful, 1991).
2.1.1.2 Factors Affecting Electro-osmotic Flow
Electro-osmosis is highly dependent upon the saturation of the soil
specimen, electrolyte concentration, and soil type. The impact of water content
and the pore fluid ion concentration on electro-osmotic flow is primarily due to
electroneutrality and the premise that electro-osmosis is caused by the net drag on
the water in the direction of the cathode as described. The greater the difference
between the cation and anion concentrations is, the greater the net drag (Mitchell,
1976).
The type of soil present in the system affects the electro-osmotic flow rate.
The relationship between the flow rate and the water content for a variety of clays
is presented in Figure 2-1.
Kaolinite clay at 60% water content and an electrolyte solution of 2.0 N
NaCI was used in this study. As the conductivity of the solution increases.
electrical potential differences will decrease. leading to reduced electro-osmotic
now (Acar et al. 1993). Therefore. the electro-osmotic now rate can be estimated
in the range of 0.04 to 0.09 gal/amp-hr. At the average current of 40 I11A obserwd
for the study. the nO\\' rate would be low at approximately 1.7 x 10'.1 to 3.8 x 10'.1
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mLisec. The effect of electro-osmosis is typically less dominant over the second
type of electrokinetic phenomenon, known as electro-migration for soluble
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Figure 2-1: Electro-osmotic water transport as a function of water content. soil
type. and electrolyte concentration (i\litchcll. 1976).
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2.1.2 Electro-migration
Electro-migration is the process by which ions move in a stationary liquid
phase when an external electrical gradient is applied. Anions will move toward
the anode and cations will move toward the cathode. However, while the electro-
osmotic flow toward the cathode would tend to enhance the movement of cations
and diminish the movement of anions, ionic migration has been found to be the
dominant mechanism. Ion transport by electro-migration is typically one to two
orders of magnitude greater than electro-osmosis and electrophoresis (Reddy and
Parupudi, 1997). The ionic mobility of an ion depends on the concentration of the
ion in the solution. Typical ionic mobilities in an electrical gradient of 1 Vim are
in the range of 1 x 10-8 to lOx 10'8 n/I(V-s) (Dean, 1973). However, the practical
range of ionic mobilities with consideration of the tortuous path in soils is more in
the range 01'3 x 10,9 to 10 X 10,9 m2/(V-s) (Mitchell. 1991).
2.1.3 Electrophoresis
Elcctrophorcsis is thc movcmcnt of colloidal suspcndcd chargcd particlcs
duc to an applicd clectrical potcntial. Ncgativcly chargcd clay particlcs are
attractcd toward thc anodc and rcpcllcd by thc cathode. While clcctro-osmosis
involvcs the transport of water through the pores in soil. e1cctrophorcsis involvcs
thc movcmcnt of discrctc particles through \\Oatcr (~litchell. 1976). In summary.
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the electrokinetic phenomena acting on clay particles can be visualized in the






Figure 2-2: Electrokinetic phenomena schematic




Electrolysis is the chemical changes of an electrolyte. a chemical
substance containing ions that migrates in an electric field. due to the passage of
current between the anode and cathode in an electrochemical cell (Da\'is. 2000).
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2.2.1 Electrolysis of Water
At the anode, hydroxide ions undergo an oxidation reaction by donating
electrons and fonning hydrogen ions and oxygen gas as follows:
[2.3 ]
The standard electrode potential (£1) is +1.229 V.
At the cathode, hydrogen ions accept electrons in a reduction reaction
which fonns hydroxyl ions and hydrogen gas as follows:
[2.4]
E} is -0.83 V. The reaction rates are dependent upon the applied voltage
and the conductivity of the solution. When the hydrogen and hydroxide ions meet.
they fom1 water to satisfy electroneutrality (Hicks and Tondorf 1994).
2.2.1.1 pH Effects
The dissociation of }-hO at the electrodes tends to cause the regIOns
surrounding the anode and cathode to become more acidic and alkaline.
respectiycly. The excess hydrogen ions at the anode cause the pH to drop. as
ShO\\11 by the definition of pH:
[2.5]
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The hydroxide ion molarity decreases at the anode correspondingly as
related by the equilibrium or dissociation constant KlI :
10g(K,J = 447~.99 + 6.0875 - 0.01706T
[2.6]
[2.7]
where T is the temperature in Kelvin (Nazaroff and Alvarez-Cohen, 2001).
The movement of the hydrogen ions, or what is often termed the "acid
front" in soils, is enhanced by electro-osmosis, electro-migration, and diffusion.
However, the negatively charged hydroxide ions, while attracted to the anode via
electro-migration and undergoing diffusion as well, electro-osmotic flow tends to
retard the migration. As a result, the movement of the acid front through the soil
towards the cathode will dominate the system, though the soil may possess some
inherent buffering capabilities. This acid front also facilities in the desorption of
the positive ions which are attracted to the negatively charged clay surfaces
through cation exchange (Acar et aI. 1993).
2.2.1.2 Pourbaix Diagrams
Pourbaix diagrams arc potential-pH diagrams that indicate conditions that
will lead to corrOSIOn for metals at 2ST, though other ionic specIes and
temperJtures arc possible. Water \\'ithout metal present hJS a potentiJI-pH
15
2 A BRIEF REVIEW OF ELECTROKINETICS
diagram as shown in Figure 2-3. The vertical axis represents the electrode
potential, or oxidizing power of the solution, with reference to the standard
hydrogen electrode (SHE). Large negative potentials indicate strongly reducing
solutions, while large positive potentials indicate strongly oxidizing solutions
(Davis, 2000).
The region bounded by lines (a) and (b) is considered the regIon of
thermodynamic stability for water. Line (a) represents the equilibrium for the
reaction of hydrogen ions to evolve into hydrogen gas by:
[2.8]
Line (b) denotes the equilibrium of oxygen IOns. hydrogen ions, and
electrons to form water by:
[2.9]
16

























Figure 2-3: Potential-pH diagram for water
The slope of both of the lines is -0.059 V/pH. based upon the Nemst
equation. The Nemst equation gives an indication of the effect the ionic
concentration of a solution will have on the electrode potential. The basic fonnula
of the Nemst equation is expressed as:
at 25"C [2.10]
where E is the electrode potential. F:J is the standard electrode potential. R is the
g3S constant. T is the absolute temperature (in degrees K). 11 is the number of
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electrons involved in the reaction, F is the Faraday constant, and (red) and (ox)
are the concentrations of the reduced and oxidized species, respectively. The
standard electrode potential is determined at the special conditions when all ions
in the reaction are at I M concentration (Davis, 2000).
For line (a), the standard electrode potential of hydrogen is universally
defined as zero because it is the basis of referencing ionic potentials to the SHE.
Additionally, as defined earlier, the negative logarithm of the hydrogen ion
concentration is the pH. Therefore, the linear equation which represents line (a) is:
E = -0.059(pH) [2.11 ]
If the solution characteristics fall below line (a), the solution is thenno-
dynamically unstable and hydrogen gas will be generated.
For line (b). the standard electrode potential of the reaction is +1.229 V, as
given earlier. Therefore. the linear equation which represents line (b) is:
E =1.229 - 0.059(pH) [2.12]
If the solution characteristics fall above line (b). the solution is thenno-
dynamically unstable and the water \\'ill react spontaneously to generate oxygen
gas and hydrogen ions.
18
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2.2.2 Electrolysis of NaCl
The NaCl salt which is added to the water in the system to act as an
electrolyte to increase conductivity dissociates as follows:
NaC/(s) ~ Na+ (aq) +cr (aq) [2.13]
Free sodium ions are attracted to the cathode and gam electrons by
reduction:
Na+(aq)+e- ~ Na £1=-2.71 V [2.14]
Free chlorine ions are attracted to the anode and lose electrons by
oxidation:
The overall chemical equation for the dissociation is as follows:
2NaC/(s) + 2H 20(1) ~ e/2(g) + H 2(g) + 2NaOH [2.16]
As a result. yellow-green chlorine gas fomls at the anode, as shown in
Figure 2-4. and silvery metallic sodium fonns at the anode. However, due to thc
fact that it is casier to ovcrcomc 1.36 V than 2.71 V and 1.36 V is relativcly closc
to the standard electrode potential for the oxidation of watcr at 1.229 V. thc
fonnation of chlorinc gas will occur but the formation of sodium metal will not
occur as easily.
19
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Figure 2-4: Anode and cathode changes due to electrolysis
2.3 Clay Mineralogy
Clay minerals are made up of plate-like crystalline structures. Kaolinite. a
white clay commonly found in more humid. tropical regions. consists of a
repeating structure of one silica sheet and one alumina sheet bonded together by
hydrogen bonds. as shown in Figure 2-5 (Budhu. 2000). The clay typically has a
low activity and a relatively high electro-osmotic water-transport efficiency.
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Figure 2-5: Kaolinite structure (Budhu, 2000)
2.3. I The Electric Double Layer
The negative surface charges on fine-grained soils attract cations and the
positively charged side of water molecules. As a result, a thin layer of adsorbed
water is bonded to the clay surface. The negative surface charge and the
distributed charge layer adjacent to it are called jointly the diffuse double layer
(DOL). The cation concentration decreases exponentially with distance from the
mineral surface. as shown in Figure 2-6 (Budhu, 2000).
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Diffuse double layer Distance
Figure 2-6: Diffuse double layer (Budhu, 2000)
To simplify the double layer analysis, the following assumptions are
typically made:
1) Ions in the double layer can be considered as point charges
which do not interact with each other
2) The charges on the particle surfaces are unifom11y distributed
3) The particle surfaces are plates that are large relative to the
thicknesses of the double layers
4) The static dielectric constant. which is a measure of the ease
with which molecules can be polarized and oriented in an
electric field. of the medium is independent of position
(i\litchcll. 1976).
..,..,
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Soil particles have an electrical potential, lfI, which decreases
exponentially with distance. Electrical potential is defined as the work required to
bring a positive unit charge from the reference state to the specified point in the
electric field. In clays, electrical potential is negative due' to the negative surface
charge. However, the alumina sheet which is exposed at the edges of clay
particles can ionize positively at low pH and negatively at high pH. As a result, it
is possible for positive double layers to develop in an acidic environment
(Mitchell, 1976). Such an effect may occur therefore at the anode in the
electrochemical cell and may lead to flocculation of suspended particles in the
anode chamber.
However. assuming that the surface potential is negative, the potential
with respect to distance can be described by exponential decay as:
[2.17]
where lfI 0 is the potential directly at the surface. x is the distance from the surface,
and K is the double layer parameter. typically referred to as the "thickness" of the
double layer because the center of gravity of the diffuse charge is located at x =
UK (i\fitchell. 1976). Graphically. the potential-distance diagram is ShO\\l1 in
Figure 2-7. The potential curve provides an indication of the strength of the
electrical force with distance. Applying this theory would yield the ion
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concentration ys. distance from surface plot as shown in Figure 2-8, where Co is
the electrolyte concentration.
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Figure 2-7: Potential with respect to distance
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Figure 2-8: EtTect of electrolyte concentration on Ion distribution 111 the double
layer (~1itchc11. 1976)
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However, the previous simplification 1, that the ions in the double layer
can be considered as point charges which do not interact with each other, can lead
to impossibly high ion concentrations next to the surface. Ions, even when
analyzing at the microscopic level, have a finite size measured in Angstroms A,
where 1 A= 0.1 nm or 1 x 10- 10 m. Therefore, it is accepted that a layer of closely
packed positive counterions, called the "Stem layer" or "Outer Helmholtz Plane",
exists next to the surface, which is attracted to the charged surface, as shown in
Figure 2-9.
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Figure 2-9: Stem layer and diffuse layer schematic
Due to particle interaction and the requirement of electroneutrality. the
larger the ions. the thicker the Stem layer that is required. The existence of a Stem
layer modities Figures 2-7 and 2-8 as ShO\\11 in Figure 2-10.
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Figure 2-10: Ellect of Stem layer on cation concentration and double layer
potential (~Iitchell. 1976)
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The surface potential is related to the surface charge and the thickness of
the double layer. The potential curve decreases fairly linearly within the Stern
layer and then decreases exponentially with distance from the surface within the
double layer.
2.3.2 Zeta Potential
As described by the Helmholtz-Smoluchowski theory, the layer of
counterions previously discussed tends to pull water through the pore spaces by
plug flow as shown in Figure 2-11. This theory tends to be considered a "large
pore" theory as it assumes that there is negligible extension of the counterion









Figure 2-11: Hclmholtz-Smolucho\\'ski model (~litchell. 1976)
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The Schmid theory, considered a "small pore" theory, accounts for an
excess of ions in the pore l space. The counterions are considered evenly
distributed through the entire liquid volume, as shown in Figure 2-12.
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Figure 2-12: Schmid model (Mitchell, 1976)
For this application. the Helmholtz-Smoluchowski model gIves a morc
accurate representation because most clays have an aggregate structure with flo\\'
controlled by large pores.
Relating this model to electrostatics. the system is essentially a capacitor
that stores energy with charges on the surface and countercharges concentrated in
a layer in the liquid phase (~titchell. 1976). The potential across a capacitor is
gi\"en by:
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where c; is the potential, a is the surface charge density, 5 is the thickness of the
double layer, and D is the dielectric constant. Clay is considered a dielectric
material, or insulator, because it is a poor conductor of electricity but is efficient
at supporting electrostatic fields while dissipating minimal energy in the form of
heat. The dielectric constant is the extent to which a material concentrates the
electrostatic lines of flux. Clays typically have moderate dielectric constants,
while metal oxides have high dielectric constants.
The potential, often called the "zeta potential" in colloidal systems and
also known as the electrokinetic potential, is the potential difference in the pore
fluid caused by a residual, unbalanced charge distribution, producing a double
layer. Zeta potential is different from the electrode potential in that it occurs only
in the solution phase. The zeta potential represents the reversible work necessary
to bring a unit charge from infinity in the solution up to the interface but not
through the interface.
In contrast, the electrode potential is the potential of an electrode in an
electrolyte as measured against a reference electrode. The electrode potential does
not include any rcsistance losses in potential in the solution or thc cxtemal circuit.
This parameter represents the reversible work nccessary to 1110\'C a unit charge
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from the electrode surface through the solution to the reference electrode (Davis,
2000).
Physically, the zeta potential, C; , is different from the surface potential,
1jI 0' previously discussed in that the zeta potential is the electric potential which
-
exists at the "slip plane," the interface that exists between the Stern layer and the
diffuse layer, as shown in Figure 2-9. While the Stern layer is considered to be
attached to the clay surface, the diffuse layer ions are mobile.
Zeta potential gives an indication of the double layer potential and the
mobility of the particles. Higher values of zeta potential indicate thicker double
layers and more mobile ions (Mitchell, 1976). In acidic environments, the DOL
\
constricts and tends to polarize. Convcrsely. in alkalinc cnvironments, the DOL
expands with a reduced degrcc of polarization (Pamukcu et al, 2004). Therefore,
regions of high pH. such as near the cathode in the clectrochemical cell, will havc
highcr valucs of zcta potential.
Zcta potential \"alues typically rangc betwccn 0 to -50 mV for clays. but
arc affcctcd by thc e1cctrolytc solution salt concentration. At modcratc IC\'cls of
conccntration. thc zcta potcntial tcnds to bc near -50 mV. but at high Icvels of
conccntration. such as that used in this study. the zcta potential approaches zero
because the ions in the double layer compress and the thicknq-s of the DOL
decreases.
»
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2.3.3 Redox Potential
Reduction potential, commonly referred to as redox potential because
oxidation and reduction reactions occur as pairs, is a measure of the affinity a
chemical species has for elections and to thereby gain electrons and be reduced.
Correspondingly, another chemical species donates electrons and is oxidized.
Highly positive redox potential values indicate a greater tendency for the
chemical species to acquire electrons.
Redox potential is measured with respect to the SHE, where the potential
for hydrogen~s taken as zero. The standard electrode is a hydrogen half-cell with
the reaction:
[2. I9]
at I atm partial pressure for the hydrogen gas. I M concentration for the hydrogen
ion. and at 25°C. However. as maintaining these conditions over the course of the
experiment for every measurement would be impractical. typically a Calomel
reference electrode is used which has previously been calibrated with reference to
a SHE.
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2.4 Electrokinetics in Broad Civil Infrastructure
Applications
Electrokinetics has been used in a variety of civil engineering disciplines.
This section provides an overview of the wide range of electrokinetic
applications.
2.4.1 Electrokinetic Geosynthetics and Dewatering
Electrokinetics is currently being utilized in a variety of geotechnical
applications, such as soil consolidation, reinforced soil construction, and
dewatering of waste slurries and sludges. Combining dewatering and geosynthetic
applications, Electrokinetic, Ltd. has developed an R-EKG Wall (Reinforced Soil
using Cohesive Fill and Electrokinetic Geosynthetics).
During construction. silts and clays have been sho\'m to develop high pore
water pressures which lead to instability during construction. Purely cohesive
soils are typically unsuitable for construction due to their low strength. high
moisture content. and high creep. In the field of geosynthetics applications. such
cohesiye soils also exhibit poor bond strength between the soil and the
rci nforcement.
llowcycr. using clcctrokinctics. silts. clays. and sludgcs can be de\\"atcred
na electro-osmosis. thcrcby increasing thcir shcar strength bC\"()J1d wh3t is
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possible through standard consolidation. Additionally, the short-term stability is
increased and a stronger soil/reinforcement bond is formed. Therefore, with the
use of electrokinetic geosynthetics (EKG), low quality cohesive fill and even
waste material, such as sludge and dredgings, can be utilized in new construction
and thereby reduce costs and environmental impact. Additionally, locations of the
world with a lack of conventional granular material, such as Southeast Asia and
the Southern United States, have made the use of cohesive materials 10
construction even more economically beneficial (Electrokinetic Ltd., 2004).
EKG materials are developed by incorporating conductive elements with
geosynthetic materials. For example, stainless steel filaments can be coated and
cross linked with an electrically conductive polymer. The polymer coating
dramatically decreases electrode corrosion and can be fabricated to fulfill the
standard geosynthetic functions. such as drainage. reinforcement. separation. and
filtration (Electrokinetic Ltd.. 2004).
In the application of an R-EKG wall. the wall is constructed in stages.
Each lift of clay is dewatered vertically by electro-osmosis across horizontally
placed EKG·s. as shown in Figure 2-13. The electrodes embedded within the
geosynthetic layers remain in-situ. As the lifts progress. each electrode is first a
cathode. and then an anode. and then simply reinforcement. By utilizing
elcctrokinetics in fine-grained cohesiw soils. construction materials can be reused
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and high quality fill does not need to be imported for construction, thereby saving
money and improving the environment (Electrokinetic Ltd., 2004).
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Figurc 2-13: Construction of R-EKG wall utilizing clcctrokinctics (Elcctrokinetic
Ltd., 2004).
2.4.2 Electrokinetic Decontamination of Concrete
Contamination of concrete, such as building foundations, is an issuc when
thc surrounding soil becomcs contaminatcd as well. Radioactivc isotopcs. heavy
mctals. and organics can crcatc scverc problcms using convcntional
dccontamination mcthods. For cxamplc. cxcavation and physical abrasion of the
concrctc is not only cxpcnsivc. but oftcn causcs thc gcncration of sccondary
wastcs and highly toxic fine particlcs into thc air. Safe disposal of the
contaminatcd concrctc is cxpcnsivc as wcll (1\ lalhotra. 1997).
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To address these problems, in-situ non-abrasive processes have been
developed utilizing electrokinetic technology. Isotron Corporation has patented a
method to decontaminate concrete without causing physical damage to the
concrete and without generation of airborne particulates. Additionally,
contaminants which have migrated through diffusion deep within porous concrete
can also be removed electrically (Malhotra, 1997).
The in-situ method involves applying an electrical field across the
contaminated concrete, thereby inducing ionic contaminant migration out of the
concrete. A proprietary "SEEC" pad. which is essentially a fabric or carpet-like
material, is laid against the concrete, as shown in Figure 2-14. An electrolyte
solution is prepared to promote the fonnation of soluble ionic complexes of the
contaminants in the concrete, thereby improving mobility and extraction
efficiency. The elcctrolytc solution bccomes in contact with the concretc through
thc "SEEC" pad. The cxiting contaminants arc rctained in either the "SEEC" pad
or in thc elcctrolytc solution and can then be treatcd (Malhotra. 1997).
Field tcsts of thc clectrokinetic dccontamination of concrctc hayc provcn
successful 111 thc rcmcdiation of radioactiycly contaminatcd concrctc.
Additionally. "clcctromobilc" contaminants. such as ccsium and strontium which
arc highly mobilc and ottcn bccomc dccply cmbcddcd within concrctc. arc also
rCl110ycd \'ia this in-situ clcctrokinctic proccss. Furthcnnorc. thc sustainability and
thc lack of a nccd for consistcnt attcntion by workcrs makc thc proccss a highly
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effective and inexpensive solution to contaminated in-situ concrete (Malhotra,
1997).
SEEC Pad
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Figure 2-14: Electrokinetic decontamination of concrete in-situ (Malhotra, 1997).
2.4.3 Electrically Enhanced Oil Production
One of the most recent applications of electrokinetics is in the field of
hcavy oil production. With currcnt tcchnology. it is extrcmely difficult and
cxpcnsivc to cxtract high viscosity liquids from oil rescr.oirs. As a rcsult. crudc
recovery of hcavy oil as low as 10% is common. Howc\"Cr. electrically cnhanccd
oil production (EEOP) is a rapidly dcveloping technology which can reduce oil
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viscosity and improve extraction rates. Using low voltage and low current, the
process is also extremely sustainable over long periods of time (Wittle, 2005).
The Electrochemical Process for Effecting Redox-Enhanced Oil Recovery
was developed and patented by Electro-Petroleum, Inc. (EPI) in April 2005. The
technology draws upon previous research on electrokinetics and direct current
(DC) technology. EEOP involves passing DC electricity.between cathodes and
anodes placed either at the surfaces or depths of oil wells. As a result, joule
heating and electrochemical reactions occur. The electrochemical phenomenon
can induce oxidation and reduction reactions in the crude and rapidly degrade
large molecular weight hydrocarbons and reduce the viscosity of the oil.
Additionally, electro-osmotic flow provides an additional pressure gradient
toward the boring in order to drive the oil from the well (Wittle, 2005).
Laboratory and field tests of EEOP have been conducted with promising
results. EEOP tests at oil fields in Califomia's Santa Maria Basin and Eastem
Alberta have shown up to aID times increase in the baseline oil production as a
result of EEOP implementation. In addition to increased oil production. oil
gra\'ity of the crude was increased. water cut was reduced. gas production was
increased. energy content of the produced gas was increased. and H2S production
was reduced. In addition to arranging more extensi\'e field tests of EEOP in
Califomia. further research is being conducted on desulfurization of the oil in
place (\Vittlc. 2005).




3.1 Enhanced Reduction of Chromium (VI)
Thc cffccts of changing thc oxidation statc of hcavy metal
precont3111inated kaolinite clay have bcen studied. Hcxavalent chromium has the
potential to be reduced to Cr (III). which is less toxic and less mobile. To test the
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effectiveness of inducing redox reaction in-situ via electrokinetics, research has
been conducted on the transport of ferrous iron Fe (II) through a clay soil bed
using direct electric current. Iron was chosen because the metal is non-toxic and is
an effective reducing agent over a wide range of pH, which is a factor to consider
in electrokinetic remediation as explained in Chapter 2. Due to the positive charge
on the iron ions, electro-migration will transport the ions through the tight clay
soil, and, as a result, cause the ions to come in contact with the Cr (VI).
Additionally, the electrical energy in the system will drive favorable redox
reactions (Pamukcu et ai, 2004).
After the test was conducted, significantly more Cr (III) than the original
Cr (VI) was present at low to slightly acidic pH distribution regions in the
saturated clay. The redox reactions were the most successful in the pH range of 2
to 6. The mass fraction distribution of chromium remained fairly unifoml across
the system. However. the Cr (VI) mass fraction decreased toward the anode due
to the migration of the negative Cr207-2 ions toward the anode chamber. The Cr
(III) tended to migrate toward the cathode chamber (Pamukcu et al. 2004).
3.2 Chromium, Nickel, and Cadmium Removal
Research has also been conducted on the electrokinetic transport of nickel
and cadmium through kaolinite. Chromium (VI). nickel (II). and cadmium (II) are
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three harmful heavy metals which are typically encountered during electroplating
operations. After running the electrokinetic experiment, a sharp pH gradient was
observed, ranging from 2 near the anode to 12 near the cathode, which can affect
the adsorption-desorption and dissolution-precipitation of the contaminants in the
system. As a result of high adsorption of Cr (VI) in low pH environments near the
anode, low chromium removal was observed. Removal was more efficient at the
cathode side in the kaolinite soil due to low adsorption at high pH. Electrokinetic
migration of nickel and cadmium in kaolinite toward the cathode was significant.
However, because of the high pH environment, these contaminants precipitated
upon approaching the cathode and mobility reduced dramatically after that point.
Synergistic effects of having multiple contaminants present in the same system
proved insignificant on ion movement in kaolinite clay (Reddy and Parupudi.
1997).
It was also determined that conditioning of the electrodes that are inserted
into the ground can enhance the electrokinetic migration of chromium. nickel. and
cadmium. For example. an environmentally benign acid can bc used to lower the
pH of the contaminated region ncar the cathode to pre\'ent cationic contaminant
precipitation to impro\'e mobility. Also. oxidizing agents can be used at the anode
to enhance anionic contaminant remo\'al (Reddy and Parupudi. 1997).
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3.3 Lead Removal
The effects of injecting ethylenediaminetetraacetate (EDTA) into kaolinite
contaminated with lead have also been studied. To extract Pb (II) from fine-
grained clays, it is necessary to keep the lead in a dissolved state. EDTA has the
ability to fom1 strong water soluble chelates, Pb-EDTA complexes, with lead to
enhance removal. Two different types of kaolinite were used: Georgia kaolinite
which is a white, high purity, clay and Milwhite kaolinite which is a reddish.
brown kaolinite containing 4.3% ion oxides as Fe203 and other impurities such as
Si02 and Ti02(Yeung et ai, 1996).
After the electrokinetic test with the EDTA injection, it was determined
that 90% of the lead migrated toward the anode and accumulated within 15% of
the soiL which would make removal less expensive and time consuming. The
strong buffer capacity of the Milwhite kaolinite made it difficult to lower the pH
to any value less than 3.5, causing the removal of lead via electrokinetics to be
very di fficult.
Without the addition of EDTA. in the Georgia kaolinite. more lead
adsorbed in the pH range of 2-3. With pH greater than 4. both Georgia and
i\lilwhite kaolinite behaved identically. At pH greater than 5. therc was almost no
lead in the dissoh'cd phasc (Ycung ct aL 1996).
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With the addition of EDTA, the proportion of lead in the dissolved phase
decreased and more lead precipitated at pH lower than 4.5. However, at pH
greater than 5, EDTA was very effective in keeping lead in the dissolved phase.
The proportion of dissolved lead was directly proportional to the concentration of
EDTA (Yeung et aI, 1996).
3.4 Naphthalene Transformation
In addition to immobilizing heavy metals in soil, nano-iron particles can
transfonn chlorinated organic compounds. Recent research has been conducted on
the electrokinetic transformation of naphthalene, a representative polycyclic
aromatic hydrocarbon (PAH). For the setup, el~ctrochemical reactors composed
of an anode and cathode were separated by a Nation membrane. The membrane
works as an electrically conductive barrier which selectively transports cations
across the electrochemical cell. In actual field tests. the membrane is not
necessary as the soil acts as the ion exchange medium and minimizes electrolyte
11lIxmg.
The naphthalene transfonnation occurs due to enhanced oxidation
resulting from the chlorine gas generated by electrolysis. as explained in section
2.2.1. It was detennined from the study that the success of naphthalene
transformation due to electrokinetics is dependent on the naphthalene
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concentration and current density. For a concentration of 13 mg/L, 88% was
transformed after 8 hours of treatment under 18.2 mAIL (lOrnA current), while
more than 90 hours were required under 9 mAIL (5 rnA current) (Alshawabkeh
and Sarahney, 2005).
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Chapter 4
Integration of Electrokinetics and
Nanotechnology
4.1 Challenges to Fine-grained Soil Remediation
'- '-
Remediation of hcav} mctal contaminants from cohcsivc. finc-graincd
soils has prcscntcd numcrous challcngcs to gcocnvironmcntal cngincers. First. thc
inhercnt low penncability of thc medium makcs traditional pump and trcat
mcthods of contaminant removal infcasible. The hydraulic head rcquired to forcc
watcr through the soil voids. and the tlO\\Tate which would result. would be
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impractical beyond small scale laboratory tests. Second, in-situ treatment methods
such as bioremediation are generally costly and ineffective in the removal of
metallic wastes (Reddy and Parupudi, 1997). Third, heavy metal contaminants
have a tendency to sorb onto clay soil particle surfaces with changes in the pH of
the surrounding pore fluid, thereby reducing ionic mobility and making
conventional treatment methods even more difficult to apply successfully (Yeung
and Datla, 1995).
Nano-iron can be introduced to soil hydraulically in slurry form and
delivered via gravitational flow to the contaminated site. This method has proven
successful in remediating a site contaminated by chlorinated solvents (Zhang,
2003). However, in tight clay soil, delivery of a unifoml distribution of the slurry
may be difficult to achieve for effective remediation due to the limited life of the
nano-iron particles before deterioration. Electrokinetics is a proven. sustainable
technology that can transport liquids and slurries in clay soil at a significantly
higher rate than hydraulic methods. The combination of these two technologies
has not been studied before and may complement each other in the
gcocnvironmental field.
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4.2 Nano-iron Properties
The nano-iron particles are zero-valent (Feo) and have a diameter less than
100 nm for 80% of the sample (Zhang, 2003). Zero-valent iron is an effective
electron donor regardless of its particle size (Sun et aI, 2006). Additionally, nano-
iron particles coated with the polymer coating poly(vinyl alcohol-co-vinyl
acetate-co-itaconic acid) tend to repel each other and remain in suspension
(Zhang, 2003; Sun et aI., 2006).
As described previously, zeta potential givesan indication of the thickness
of the DOL and the mobility of ions. The nano-iron particles have a zeta potential
which varies \\lith pH and nano-iron concentration. The relationship is shown in
Figure 4-1 .
.
Weight percent is defined as:
JJ' . J 0/ Weight so/we 100el~ It /0 = - X
, Weight solution
[4.1 ]
For the purpose of this study. the representative weight percent is the 0.6
\\1% Fe (blue line). The iso-electric point (lEP). which is the critical value at
which the net surface charge is zero. is at a pH of 8.3. The IEP was found to be
independent of iron concentration. Therefore. the iron nanoparticles will have
positive charges when the pH is less than 8.3. and will be attracted to the
negatively charged clay surfaces and be less mobile through the porous media as a
result (Sun et al. 2006).
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Potential-pH diagrams give an indication of conditions that will encourage
metals to exhibit immunity, passivity, and corrosion, as well as those corrosion
products in an aqueous environment. Immunity refers to a state of resistance to
corrosion and passivity refers to a state where the metal has a potential that is
much more positive than that of the metal in the active state due to an impervious
covering of oxide, The potential-pH diagram for iron at 25°C, with reference to
the SHE, is shown in Figure 4-2.
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Figurc 4-1: Zcta potcntial as a function of solution pH (Sun ct al. 2006)
49




I I 0.8(J) (J) ~ - - - - - - - ~ - Fe(OH)3:> ::>
uj uj 0.4
~ ~ 0.0 Fe2• HFeO;C C







2 7 12 -2 0 2 4 6 8 10 12 14 16
pH pH
(a) (b)
Figure 4-2: Potential-pH diagram for iron showing (a) areas of immunity (no
corrosion). passivity. and corrosion. and (b) the reaction/corrosion products
produced (Davis. 2000)
The Nernst equation can be applied to the reaction of ferrous ions being
reduced to iron in the following chemical reaction:
[4.2]
Recall that the Nemst equation is defined as:
£ = EO _ RT In (red) = £0 _ 0.059 log (red) at 2Y'C
IlF (ox) 11 ~ (ox) [4.31
The standard electrode potential for pure iron at 1 M concentration and
25"( is -0.440 V with reference to the SHE. Two electrons are in\'ol\'ed in the
reaction and the Fe~: species is oxidized. Therefore the Nemst equation becomes:
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E =-0.440 - 0.059 log~
2 \Fe+ 2 }
[4.4]
However, the concentration for a pure solid phase is taken as I. Therefore,
taking into account the properties of logarithms, the equation is reduced to:
E =-0.440 + 0.030log(Fe+2 ) [4.5]
Therefore, every order of magnitude change In the ferrous ion
concentration results in a change of the electrode potential by 0.030 V (Davis,
2000).
When there are no contaminants in the soil, the primary electron receptors




As hydrogen ions are utilized in equation [4.7]. it would be expected that
the pH would increase at corrosion locations. resulting in a simultaneous decline
in the solution potential. Additionally. as sho\\'n by equation [4.6]. the additional
hydroxide ions fonned tend to bind to the surface of the nanoparticle in the fonn
of a shell of FeOOn around the metallic zero-valent core. as show in Figure 4-3.
The particles will exhibit the characteristics of both iron oxide. by acting as a
sorbent. and metallic iron. by acting as a reductant (Sun et al. 2006).
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Figurc 4-3: Corc-shcll structurc of an iron nanoparticlc in aqucous solution (Sun
ct aL 2006)
Equation [4.6] is thc dominant rcdox proccss in thc systcm duc to thc
overwhclming conccntration of water as the solvcnt. As a result, cven in a simplc
cxperimcnt involving only nano-iron particlcs and distilled water, thc pH and
solution potcntial. Ell. are time dependent in at Icast thc first hour after mixing. as
shown by Figurc 4-4.
Howcvcr. cvcn at cxtrcmcly conccntratcd nano-iron conccntrations. such
as grcatcr than 10 giL. thc pH \\-as found to rcmain Icss than 10. In watcr. a 2.0 -
3.0 mg/L iron loading. as was uscd in this currcnt study. is sufticicnt to achicvc a
ncgatin~ redox potential (Sun et al. 2006). Therefore. thc solution potcntial due to
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the nano-iron can be expected to be negative, even if there is a buffering effect in





















Figure 4-4: (a) pH and (b) Ell trends as functions of reaction time and Iron
nanoparticle concentration (Sun et al. 2006)
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4.3 Applications ofNano-iron Research in Soil
Remediation
As explained in the previous chapter, research has been conducted on the
removal of a variety of metallic wastes from kaolinite clay using e1ectrokinetics.
Recently, the research has begun to include the injection of reaction enhancers or
catalysts, such as iron or EDTA, to enhance the electrokinetic decontamination
processes. As explained in section 3.1, iron has the potential to reduce metal
contaminants to less mobile oxidation states via redox reactions or deterioration to
benign components. To enhance the transport of the iron through the soil, the use
of nano-sized iron particles is proposed.
Previous research has already been conducted on the effectiveness of
nano-iron particles in soil remediation. For example. a pilot field test was
conducted at an industrial/research facility in Research Triangle Park. North
Carolina in September 2002. The test area was 38 m down-gradient from a former
waste disposal area. The pilot test was conducted in 4 phases. First. an injection
weIl and monitoring weIls were instaIled. Second. ground\\'ater samples from the
injection and monitoring weIls wcre analyzcd to cstablish baselinc conditions.
. ~ .
Third. a nanoparticlc slurry was injcctcd into the injcction wcIl and continuous
elcctronic mcasurcmcnts of flow ratc. watcr lcycl. oxidation-rcduction potcntial.
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dissolved oxygen (DO), pH, specific conductance, and temperature were taken.
Fourth, post-injection monitoring of the region was conducted (Zhang, 2003).
The inexpensive, nontoxic iron particles were injected in a slurry
suspension that was prepared on-site. The total slurry volume injected into the
well, as shown in Figure 4-5, was 6,056 L at a nanoparticle concentration of 1.9
giL. The total nanoparticle mass injected was 11.2 kg (Zhang, 2003). As the iron
particles migrate through the soil, they will immobilize heavy metals, as discussed
in the previous section. Additionally, they can transfom1 chlorinated organic
compounds, fertilizers, and detoxify pesticides.
From the field test, it was determined that nano-iron particles can remain
reactive for 4 to 8 weeks and had the greatest influence approximately 6 to 10m
around the injection well. The test also detennined that nanoparticles can flow
with groundwater for over 20 m in distance (Zhang. 2003).
Laboratory tests have also proven successful, with greater than 99%
removal of TCE using nanoscale iron particles. The injection of nano-iron
particles in both thc field and lab tests has sh0 \\'11 a drop in thc oxidation-
reduction potential (ORP). In the field test. the pre-injection basel inc ORP
conditions wcre indicativc of iron-rcducing conditions at +50 IIIV to -100 IIIV
redox potentials. Alter the injection. thc redox potentials dropped to -500 mV to -
700 mV. In the lab test. the ORP and pH as a function of time arc ShO\\ll in Figure
4-6. Very low ORPs were established \\'ithin 200 seconds (Zhang. 2003).
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Contaminant SOlU"Cl>
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Figure 4-5: Nanoscale iron particles for in-situ remediation (Zhang, 2003).
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Figure 4-6: \\'ater chemistry of nanoscale iron particles (Zhang. 2003).
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These laboratory and field tests using nano-iron particles in the in-situ
remediation of contaminated soil have proven successful. However, the benefit of
using electrokinetics to enhance the movement of the nano-particles has not been
studied as of yet. This current research aims to quantify the movement of the iron
particles through the soil to determine if the mobility can be enhanced by
applying a low DC voltage across the system. Additionally, only one additional
well would need to be added to the above pilot test to permit the electro-
migration, which would not increase costs substanti~lly.
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The electrophoretic (EP) cell (Econo-Submarine Gel Unit. model SGE-
020) used for the expcrimcnt is composed of a rcctangular. acrylic. translucent
box with a rectangular (20 cm x 18.5 cm) sample tray placed inside it. as ShO\\ll in
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Figures 5-1 (a) and (b). To each side of the tray are two liquid chambers which
are used to hold the electrolyte salt solution during the experiments.
(a)
(b)
Figurc 5-1: Elcctrophorctic ccll (a) Isomctric vicw. (b) Plan vicw
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INTENTIONAL SECOND EXPOSURE
) fVJAILI<II\LS I\ND fVJLTJ IODS
l'igurL',s )-1 (;1) ;lI1d (h), I 0 L'~lch sidL' or the tray ~Ire two liquid chamhers which
~Ire uSL'd to hold thL' electrolyte salt solution during the e:\perill1ents.
(b)
Figure 5-1: Elcctrophorctic ccll (a) Isomctric vi.cw, (b) Plan vicw,
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The tray was modified through the installation of seven platinum wires of
0.25 mm diameter stretched across the tray transversely. The wires were glued to
the acrylic tray in three locations using an electrically conductive cement adhesive
to ensure that the wires, which act as auxiliary electrodes, will remain in place
during repeated experiments. The wires are labeled E1 - E7 from the anode side,












Figure 5-2: Schematic of EP Cell
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5.1.2 Nano-iron
The polymer coated dispersed nano-lron, as shown in Figure 5-3 (a),
developed at Lehigh University, is used as the iron input into the system. The
nano-iron particles are zero-valent (FeD) and have a diameter less than 100 run for
80% of the sample (Zhang, 2003). Due to the polymer coating (poly(vinyl
alcohol-eo-vinyl acetate-eo-itaconic acid)) the iron particles tend to repel each
other, and as a result, remain suspended in solution rather than settling over time
as occurs with bare nano-iron. Therefore, due to the uniformity of the nano-iron to
be injected into the EP cell in diluted fom1. as shown in Figure 5-3 (b), as well as
the zero-valent characteristic of the iron to enhance mobility, this nano-iron was
chosen for the experiment.
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(a) (b)
Figure 5-3: (a) Lehigh dispersed nano-iron (b) Lehigh dispersed nano-iron diluted
100 times
5.1.3 Electronic Equipment
The voltage was supplied to the system using a Hewlett Packard E3620A
Dual Output DC Power Supply. as ShO\\11 in Figure 5-4 (a). To take voltage and
current measurements. a rvticronta 22-166A Auto Range Digital rvlultimeter was
used. as shO\\ll in Figure 5-4 (b). The reference electrode used to take redox
potential readings was an Accumet glass body Calomel Refercnce Electrode 13-
620-51. as shO\\ll in Figure 5-4 (c). which \\-as filled ,,-ith a saturatcd potassium
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chloride solution. For pH and temperature readings, the Extech Instruments
ExStik II Refillable pH meter PH II 0, as shown in Figure 5-4 (d), was chosen due
to its ability to read the pH level of both liquids and wet solids. Finally, the Perkin
Elmer AAnalyst 200 Atomic Absorption Spectrometer, as shown in Figure 5-4
(e), was used to measure the iron concentration of liquid samples. A Perkin Elmer
Lumina Fe Lamp of wavelength 248.33 nm, as shown in Figure 5-4 (f), was used








Figure 5-4: (a) Power supply, (b) Multimeter, (c) Calomel reference electrode, (d)
pH meter, (e) Atomic absorption spectrometer (f} Hollow cathode lamp
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5.1.4 Material List
In addition to the EP cell, nano-iron, and electronic equipment described
in the previous sections, the following additional materials and tools are also
used:
• Georgia kaolinite clay
• NaCI Sodium chloride salt crystals (Grade: 0.4 mm)
• KCI Potassium chloride solution (Fisher Chemicals SP 138-500)
• HCI Hydrochloric acid (Fisher Chemicals)
• HN03 Nitric acid (Fisher Chemicals)
• Fe reference solution (SI 124-500)




• 2 - I L glass beakers
• 100 mL graduated cylinder
• 3 - 150 mL beakers
• 21 -100 mL glass sample bottles
• 1 mL glass pipette
• 5 mL dropper
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• Glass funnel
• Acrylic dividers (2 - 18.5 x 2 x 0.5 cm, 1 - 18.5 x 12 x 0.5 cm)
• Platinum wires (0.25 mm diameter)
• Electrically conductive glue
• Wire saw
• 3-in-one household oil







The empty EP cell. as SI10\\11 in Figure 5-5. is cleaned thoroughly with a
5% Hel acid wash to ensure any residual iron is remo\'ed from the acrylic surface
at the beginning of each test.
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Figure 5-5: Empty EP cell
Then, the platinum wires are stretched across the acrylic tray transversely
,
and glued into place using an electrically conductive adhesive. The tray is then
placed into the EP cell, as shown in Figure 5-6. The wires are labeled E1-E7,
starting from the anode side.
In order to prepare 1.0 L of2.0 M NaCI solution, 117.0 g ofNaCI is mixed
in a 1.0 L beaker with tap water, shaking periodically while adding the water to
volume. The same procedure is repeated in order to make a total volume of 2.0 L
of the electrolyte solution:
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Figure 5-6: Acrylic tray placed in EP cell with platinum wires attached
The saturated clay sample is prepared by using white Georgia kaolinite
clay, as shown in Figure 5-7. To ensure workability and uniformity of the clay
mixture, a 60% water content by dry mass was chosen to yield a soft, smooth
paste. To achieve the desired water content, 140.0 g of dry clay is massed in a
ceramic bowl. Then, pouring from one of the 1.0 L beakers containing the 2.0 M
NaCl solution, 84.0 g of the electrolyte solution is slowly added to the ceramic
bowl. The sample is immediately mixed thoroughly to. a homogenous consistency
using a spatula.
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Figure 5-7: Dry kaolinite clay
Using the spatula, a thin uniform layer of the wet soil paste of
approximately 2 mm in thickness is spread onto the EP cell tray over the platinum
wires, as shown in Figure 5-8. A wire saw is run over the top of the soil to yield a
uniform layer thickness.
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Figure 5-8: Saturated kaolinite spread on acrylic tray over platinum wires
The acrylic dividers are then placed over the soil bed in the configuration
shown in Figure 5-9 in order to ensure that any nano-iron transport in the system
occurs through the soil layer. A small amount of the leftover wet clay should be
added around the base of the dividers to prevent water seepage because· the
dividers act as physical barriers to the salt solution and any air holes will reduce
their effectiveness. The leftover unused wet soil mass in the ceramic bowl should
then be reweighed to determine the total wet soil mass .in the system,
The anode and cathode chambers are filled with 675 mL each from tqe·
contents of the two 1.0 L beakers, as showri" in Figure 5~10. The ·~ater
.'
1--
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should reach approximately 1.0 mm above the soil bed to ensure saturation
throughout the experiment. However, the water level mllst remain at least 2.0 mm
below the tops of the acrylic dividers.
Figure 5-9: Acrylic dividers placed over the wet soil bed
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Figure 5-10: Electrolyte salt solution added to the anode and cathode chambers
The pH meter is calibrated by pouring 20 mL of each of the 3 buffer
solutions (4.01, 7.00, 10.00) into the three 150 mL beakers. After calibration, the
initial pH and temperature in the anode and cathode chambers are measured.
The initial redox potential measurements prior to applying voltage are then
taken by inserting the Calomel reference electrode into the anode chamber. The
redox potentials are measured at each auxiliary electrode (E l-E7) with reference
to the Calomel electrode using the multimeter. The probe is then rinsed with. de-
ionized water, dried gently with paper towels, and then inserted into the cathode
_ r;
chamber, repeating the redox measurements across the system.
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. .
The nano-iron is prepared by using a 1.0 mL pipette to remove 1.0 mL of
the nano-iron and adding it to the anode side groove, as shown in Figure 5-11.
The EP cell lid is then closed, and a constant potential of 5.0 V is applied across
the EP cell electrodes. The 5.0 V potential was chosen to remain in the linear
range of the power supply and to prevent excessive gas generation due to electro-
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5.2.2 Testing
Starting from when the constant potential of 5.0 V is applied,
measurements are taken at the following times: 15,30,45 minutes, and 1,2,3,
4.5,6.5, 17.5, 19,21,24,30, and 46 hours.
At each measurement time, first the voltage drops are measured from
anode to E1, EI to E2, E2 to E3, E3 to E4, E4 to E5, E5 to E6, E6 to E7, and E7
to cathode using the multimeter.
Second, the voltage across the power supply is checked to verify that 5.0
V is being applied across the entire EP cell.
Third, the current of the system is recorded by reading the power supply
display.
Fourth. the redox potentials are measured by inserting the Calomel
reference electrode into the anode chamber, as done previously before the voltage
was applied. The redox potentials are measured at each auxiliary electrode (E 1-
E7) with reference to the Calomel electrode using the multimeter. The probe is
then rinsed with de-ionized water. dried with paper towels. and then inserted into
the cathode chamber. repeating the redox potential measurements.
Fifth. the pH and temperature measurements are taken by inserting the pH
mcter into the anode chambcr and rccording thc output. The probc is thcn rinsed
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with tap water, dried gently with paper towels, and then inserted into the cathode
chamber.
At the end of 46 hours, after the last measurement has been taken, the
power supply is turned off and the lid is removed. Using a 5 mL dropper, the
liquid in the anode and cathode chambers are extracted into separate 1.0 L
beakers. Then, the acrylic dividers are carefully removed so as not to disturb the
soil bed and three soil samples are collected above each auxiliary electrode (E 1-
E7) as shown in Figure 5-12.
An approximate 1.0 g wet soil sample is removed using a clean spatula
from each location and is put into individual pre-massed 100 mL glass sample
bottles and labeled. The mass of all 21 sample bottles is then taken to detennine
the exact weight of each soil sample extracted.
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Figure 5-12: Soil sampling method
The soil samples must then go through an acid digestion process to ensure
that all iron in the samples is removed from the soil surfaces. Therefore. 5 mL of
HN03 nitric acid and 95 mL of dc-ionized water is added to each sample bottle.
Then. all 21 sample bottles arc placed in a gyratory shaker for 48 hours.
After 48 hours. the liquid in each sample bottle and the liquid extracted
from the anode and cathode chambers are filtered using Whatman filter papers
and a glass funnel to remove soil particles which can clog the Atomic Absorption
(AA) Spectrometer. Iron standards are then prepared to calibrate the AA
Spectrometer. Once the machine is calibrated. the iron concentration in each of
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the 21 samples, the anode and cathode chambers, and the original nano-iron stock
solution, diluted as needed, is measured. Three replicates of each measurement
are taken to ensure accuracy.
The EP cell is then washed thoroughly and all metal parts are wiped with
3-in-one oil to deter corrosion in the future.
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Control cxpcrimcnts wcrc conductcd without nano-iron and without an
applicd potcntial scparatcly to isolatc any background cffccts occurring in thc
systcm to cnsurc that any obscryations in thc cxperimcntal tcsts \\-erc primarily
due to the electrically enhanccd mo\'cment of nano-iron,
7S





In the three nano-iron control (NC) tests, no nano-iron was added to the
system. The purpose of these tests was to determine the effects of any oxidation-
reduction reactions occurring among naturally occurring ions in the soil when a
constant potential of 5.0 V is applied across the system.
The voltage drops at each time step with respect to the distance from the
anode was plotted for all three tests. In the first (NC 1) test, the average voltage
gradient was determined to be -0.0435 Vfcm, as shown by Figure 6-1. The E\"
values indicate the locations of the seven electrodes, where x is a number from I
to 7. The voltage with respect to time is plotted in Figure 6-2. The test was run
over a period of nearly 1 day, and oscillations in both time and space are readily
apparent from the figures. The second and third control tests produced similar
results. as shown in the Appendix, Figures A-2. A-3. A-5. and A-6.
A comparison was made for each control test between the voltage directly
measured across the electrodes and the corresponding redox potential measured
from the calomel electrode inserted in the anode chamber. calculated across
individual electrodes. The results were plotted \\'ith respect to both space and time
in Figures 6-3 and 6-4. respectively. As seen in both cases. the direct voltage
measurements and redox measurements match extremely well. eyen when large
oscillations result. indicating minimal redox reactions in the control test. :\s an
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additional check, the reference electrode was inserted in the cathode side and the
tests repeated. The results are almost exactly the same, as shown in Figures A-8
and A-14, indicating excellent replication of results. These same measurements
were carried out in all three control tests and were consistent in all of them, as
shown in Figures A-9 - A-12 and A-IS - A-18.
The redox measurements were made more accurate by calibrating the
reference electrode prior to any voltage application to the system. These
calibrated results, measured across each electrode and the calomel reference
electrode inserted in the anode side, are plotted with respect to both distance and
time in Figures 6-5 and 6-6, respectively. As can be expected. the redox potential
fluctuates about zero in both cases of the control test. The redox with respect to
the cathode side was also measured and produced similar results, as shown by
Figures A-20 and A-26. This analysis was conducted in all three nano-iron control
tests and yielded expected results. as shown in Figures A-21 - A-24 and A-27 -
1\-30.
so























Distance from anode [em]
Figure 6-1: Voltage drops with respect to distance (NC 1)
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Figure 6-2: Voltage with respect to log time (Ncr)
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Figure 6-3: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to distance (NC 1 - anode side)
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Figure 6-4: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to time (NC 1 - anode side)
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Figure 6-5: Redox potential with reference to Calomel electrode with respect to
distance (NCI - anode side)
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Figure 6-6: Redox potential with reference to Calomel electrode with respect to
log time (NCt - anode side)
The pH in the anode and cathode chambers with respect to the time was
measured and is plotted in Figure 6-7. As expected. the pH drops at the anode side
and increases at the cathode side as the experiment progresses. Similar results
were observed in the second and third control tests. as shown by Figures A-32 and
l\-33.
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figure 6-7: Anode and cathode chamber pH levels with respect to time (NC I)
The pH and temperature of the system were also measured at the sampling
locations described by figure 5-12 at discrete times of 6.5 Ius and 21.0 hrs to gain
an understanding of the spatial distribution of the parameters. These
measurements were taken for NC3 and arc sho\\'n in figures 6-8 and 6-9 for pH
and 6-10 and 6-11 for temperature. It can be seen that the dramatic pH rise
obserwd in the cathode chamber of Figure 6-7 occurs reIati\"ely close to the
cathode at 6.5 Ius. but the alkalinity expands outward as the test progresses.
Ho\\'c\"cr. the anodc side rcmains unaffected and drops in pH as expectcd with
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time. In the temperature distribution, it is expected that after 6.5 hrs, the sample
would have reached equilibrium with the ambient temperature. However, the
anode side displays much warmer temperatures while the coldest point occurs at
approximately a neutral pH of7.0. By 21.0 hrs, near the end of the test, the effects
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Figure 6-11: Temperature distribution at 21.0 hrs (NC3)
6.1.2 Diffusion Control
In the diffusion control test. 1.0 mL of nano-iron was inserted into the
anode side plexiglass division. but the system was disconnected from the power
supply. The test was run for 46.0 Ius.
The voltage drops at each time step with respect to the distance from the
anode is plotted in Figure 6-12. As expected. the voltage drops tluctuate about a
zero point. plotted at 5.0 V for consistency with the rest of the figures. However.
it is evident that even \\'ithout an applied DC c1ectric fic1d. oscillations in the
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voltage measurements still result. At the E5, there is a significant oscillation
which becomes more pronounced with time. The data plotted with respect to time
is presented in Figure 6-13.
A comparison was made between the voltage directly measured across the
electrodes and the corresponding redox potential measured from the calomel
electrode inserted in the anode chamber, calculated across individual electrodes.
The results were plotted with respect to both space and time in Figures 6-14 and
6-15, respectively. As seen in both cases, the direct voltage measurements and
redox measurements match very well, especially at later times. The reference
electrode was also inserted in the cathode side and the tests repeated. The results
are almost exactly the same, as shown by Figures A-41 and A-43.
Calibrated redox results. measured across each electrode and the calomel
reference electrode inserted in the anode side. are plotted with respect to both
distance and time in Figures 6-16 and 6-17. respectively. Due to no current
application, the redox potential fluctuates about zero. even more so than the nano-
iron control tests. The redox with respect to the cathode side was also measured
and produced cxtremely similar results. as shown by Figures 1\-45 and 1\-47.
Thc pH and temperature of the anode and cathodc chambers and currcnt of
thc systcm are displayed in Figure 6-1 S. While the nano-iron control tests
produced a pH gradient. the lack of current rcsulted in fairly unifonn pH CUf\"CS
ftlr thc di tTusion control test. as npcctcd.
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Figure 6-12: Voltage drops with respect to distance (DC)
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Figure 6-13: Voltage with respect to log time (DC)
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Figure 6-14: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to distance (DC - anode side)
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Figure 6-15: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to time (DC - anode side)
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Figure 6-16: Redox potential with reference to Calomel electrode with respect to
distance (DC - anode side)
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Figure 6-17: Redox potential with reference to Calomel electrode with respect to
log time (DC - anode side)
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Figure 6-18: Anode and cathode chamber pH levels. temperature. and current
with respect to time CDC)
An analysis of the iron concentration throughout the sample was
conducted at the end of the diffusion control test. with results displayed in Figures
6-19 and 6-20. Assuming complete iron oxidation to Fe +~ by 46.0 Ius. the
concentrations \\"ere compared to the Nemst equation predictions in Figurc 6-21.
The ncarly zero rcdox potential rcsultcd in an cxpcrimcntal cur\"c shincd away
from the Ncmst prcdictions. Howc\"cr. thc \"alucs fonned a linc of similar slopc.
cxccpt for E5. thc clectrodc that produccd thc highcst \"oltagc drop oscillation as
qq
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well. A photograph of the soil bed at 46.0 hrs is displayed in Figure 6-22,
indicating the slow iron movement expected in a diffusion control test.
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Distance from Anode [em]
Figure 6-19: Ayerage iron mass with respect to distance at 46.0 hrs (DC)
100



























~ t··· .. ··_·+_·_·"""·1"·""·
........... ~... : : :
_ .... ;.................... • I I ........
..... Fe Distribution :..- ; '1".. 500.0














Figure 6-20: Distribution of average iron mass per dry mass of soil at 46.0 hrs
(DC)
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Figure 6-21: Redox potential with respect to iron concentration comparison to
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In the two nano-iron experimental tests (NI and N2), polymer coated
dispersed nano-iron was inserted near the anode side, as explained in Chapter 5.
The voltage drops at each titne step with respect to the distance from the anode
was plotted for both of the tests. In the first (Nl) test, the average voltage gradient
\
was determined to be -0.104 V/cm, as shown by. Figure 6-23, The voltage with
respect to time is plotted in Figure 6-24', The test was run over a period of nearly 4
days, and oscillations in both time and space are apparent from the Ilg:ures,
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second test produced similar results, as shown by Figures A-54 and A-56.
However, curve fitting of the oscillations is not justified as data was only taken at
discrete times and discrete points throughout the sample. A comparison of the
cyclic behavior and the change due to the presence of nano-iron in the system was
compared to the voltage drops of NC3 are shown in Figure 6-25, indicating the
heavily oscillated nature of the system. A similar comparison plot between N2
and NC3 is presented in Figure A-58.
As calculated in the control tests, a comparison was made between the
voltage directly measured across the electrodes and the corresponding redox
potential measured from the calomel electrode inserted in the anode chamber,
calculated across individual electrodes. The results were plotted with respect to
both space and time in Figures 6-26 and 6-27. respectively. As seen in both cases,
the direct voltage measurements and redox measurements do not match.
especially at the anode side where the nano-iron was injected, indicating the
occurrence of redox re1ctions in the test. For validation. the reference electrode
\\"as inserted in the cathode side and the tests repeated. The results are almost
exactly the same. as shown in Figures A-60 and A-64. indicating excellent
replication of results. These same measurements were carried out for N2 and were
consistent with the results of N1. as shO\\l1 in Figures A-61 - A-62 and A-65 - A-
66.
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Figure 6-24: Voltage with respect to log time (N 1)
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Nano-iron Test 1 and Nano-iron Control Test 3
Voltage Drop Difference vs. Distance
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Figure 6-25: Voltage drop difference with respect to distance compared with NC3
(Nl)
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Figure 6-26: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to distance (N 1 - anode side)
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Figure 6-27: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to time (N I - anode side)
6.3 Redox Potential
The redox measurements were calibrated to the reference electrode prior
to any voltage application to the system. These calibrated results. mcasured across
each electrode and the calomel refercnce electrode insertcd in thc anode side. arc
plotted with respect to both distance and time in Figures 6-28 and 6-29.
respecti\"ely. As expected. the redox potential is more negati\'e near the cathode
due to nano-iron depIction. Additionally. the spatial and temporal fluctuations. not
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observed in either the nano-iron control or diffusion control tests, is pronounced,
,
/
indicating that there is indeed nano-iron movement occurring in the system. The
spatial-temporal plot indicating this movement is presented in Figure 6-30. The
redox with respect to the cathode side was also measured and produced similar
results, as shown by Figures A-68 and A-n. For N2, similar results were
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Figure 6-28: Redox potential with reference to Calomel electrode \\'ith respect to
distance (NI - anode side)
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Figure 6-29: Redox potential with reference to Calomel electrode with respect to
log time (N 1 - anode side)
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Figure 6-30: Potential-spatial-temporal distribution (N I)
6.4 pH, Temperature, and Current
The pH and temperature of the anode and cathode chambers and current of
the system are displayed in Figure 6-31. As expected. the pH rises at the cathode
side to a pH of 12.5 and falls at the anode side to a pH of2.67. The temperature in
the anode and cathode chambers remained fairly constant throughout the test. The
current kyeled otT to a yalue of 22.0 - 23.0 mAo Similar results were obtained
from NI. as 5ho\\'n in :\-75.
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,..---
./
As explained in section 2.2.1.2, Pourbaix diagrams are potential-pH
diagrams that indicate conditions that will lead to corrosion for metals at 25°C.
Water without metal present has a potential-pH diagram as shown in Figure 2-3.
Superimposing this plot on the experimental results and the diffusion control
results leads to Figures 6-32 and 6-33 for Nl and N2, respectively. It can be seen
that for both tests at the cathode side, the diffusion control test has a lower redox
potential for the same pH when compared to the electrokinetically enhanced
nano-iron tests.
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Figure 6-31: Anode and cathode chamber pH lc\'cls. temperature. and currcnt
with respcct to timc (N2)
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Figure 6-32: Potential-pH diagram comparison ofNC3 and N I
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Figure 6-33: Potential-pH diagram comparison ofNC3 and N2
For pure diffusion, the nano-iron is depleted by the time it reaches the
cathode side. resulting in lower redox potential. Howeyer. in NI and N2. the
nano-iron inserted at the anode side is continuously supplied to the cathode side.
resulting in a constant flux of iron into the region and a higher resulting redox.
Therefore. the direct current electric field that is applicd enhanccs the nano-iron
mo\'cmcnt in thc system.
Another pH efTcct can be explaincd by considering the zcta potential as a
function of pH for both thc kaolinitc and the nano-iron. The zeta potential of
lIS
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kaolinite is a strong function of the pH of the system. Typically, the zeta potential
will vary from -50 mV in alkaline conditions to 0 at approximately a pH of 2.0.
As shown by equation [2.2], the electroosmotic velocity, or flow rate, is
proportional to the zeta potential, with higher flows resulting at higher pH values
for the same voltage gradient.
As shown by Figure 4-1, the iso-electric point (IEI') of the nano-iron used
occurs at a pH equal to 8.3 and was found to be independent of iron
concentration. The iron nanoparticles will be positively charged when the pH is
less than 8.3 and negatively charged for pH values greater than 8.3. Therefore, for
pH values between 2.0 and 8.3, the nanoparticles will be attracted to the
negatively charged clay surfaces and will stay on the surface. contributing to
surface reactions. However. for pH values less than 2.0 or greater than 8.3, the
iron will be released into the pore fluid and transported through the porous media
due to having like charges with the soil particles. Comparing the pH distributions
of Figures 6-8 and 6-9. pH greater than 8.3 typically occurs at approximately
electrodes E6 and E7. pH of less than 2.0 was not experienced in the system.
Therefore. it is expected that increased nano-iron transport will occur around E6
and E7. which may explain the highly negatiye redox potentials of E6 and E7 in
Figure 6-28 and 6-29. Additionally. the IEI' of thc nano-iron occurring at this
location may explain the extreme yoltage oscillations consistently experienced hy
the system in this region. as displayed in Figure 6-26.
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6.5 Iron Concentration
An analysis of the iron concentration throughout the sample was
conducted at the end of the nano-iron tests with results displayed in Figures 6-34.
A comparison plot was made between the DC and N2, as shown in Figure 6-35. It
can be seen from the plots that the distribution with and without an applied direct
current electric field is fairly uniform by 46.0 hrs, with the largest percent change
of approximately 30% occurring near the anode and cathode.
- - - - - - ..:- . - -:- - - -. . ~ - - - - - - : - . - - - . - - - ~ - - :- - - - - - . - .
: : I: ::
............... ~ ~ .. 1. ; ~ ; ~ .
: : I : :




............... ; :.. 1. ; ..
: I
......................... ~ .. 1. __
: I




............... ; ~ .. I. ; ~ ; : .



















Distance from Anode [em]
Figurc 6-34: A\'cragc iron mass with rcspect to distancc at 46.0 Ius (N2)
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Figure 6-35: Average nano-iron mass with respect to distance comparison (DC
and N2)
To account for error due to lateral averaging of the iron concentration
results. the distribution of average iron mass per dry mass of soil at the end of the
test is plotted in Figure 6-36. The figure shows a fairly unifonn spatial
distribution. except for one peak ncar the cathode side. possibly due to the nano-
iron. mo\'ing into the region. being stalled upon depiction.
liS











• : ". 400.0 OJ
"'L .:.::
'ii:.......... i···· 300.0 II.
........ ! ,.. ~.. C')
; : ". E
..... j 1..······ <. . 200.0
:: : '. 100.0
, ,
20.8



















Figure 6-36: Distribution of average iron mass per dry mass of soil at 46.0 hrs
(N2)
Assuming complete iron oxidation to Fe+2 by 46.0 Ius. the concentrations
were compared to the Nemst equation predictions in Figure 6-37. The data had a
similar slope to the Nemst prediction. but the plot displayed an a\'erage constant
shift of +0.44V from the Nemst relation. possibly due to uncertainty in the redox
measuremcnts or clay surfacc polarization. Howe\'cr. the redox potcntial
distribution was rcal and was similar to thc Ncmst predictions. cspecially at thc
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cathode side. Therefore, the Nemst plot follows what is expected for Fe+2, as the
iron reacted and depleted.
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Figure 6-37: Redox potential with respect to iron concentration comparison to
Nemst equation at 46.0 hrs (N2)
A photograph of the soil bed at 46.0 Ius is displayed in Figure 6-38. When
compared with the diffusion control test in Figure 6-22. it is \'isually apparent as
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This study has demonstrated that nano-iron transport through fine-grained
soils is enhanced when combined with clcctrokinetics by the follo\\Oing:
10 The electrokinetically injected nano-iron specimens displayed
higher redox potential at the same pI I at the cathode side when
122
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compared to control specimens for which nano-lron was
allowed to diffuse for the same test durations.
2. Redox potential reduced in space from anode to cathode due to
nano-iron depletion as expected.
3. Redox potential fluctuated in time early on and then settled to
the expected profile.
Additionally, it was shown that:
4. The distribution of total iron at the end of 46 hours in both the
electrokinetic and the diffusion aided transport in clay was fairly
unifonn with little difference.
5. The post-test stoichiometric analysis of the measured quantity
of Fe+2 agreed better with the Nemst prediction at higher pH
regions and displayed an average constant shift of +0,44V from
the Nemst relation. more prevalent at low pH regions. possibly
due to clay surface polarization.
1, ..~-'
7 CONCLUSIONS
7.2 Summary of Contributions
The significance of the results obtained In this study is two fold: 1)
electrokinetically enhanced transport of highly reactive nano-particles designed
for subsurface remediation is possible in tight clay soils where transport time and
process efficiency may be an issue; 2) direct redox measurements of the host
medium in an integrated application of two technologies as described above can
provide adequate evidence of their performance in the field.
7.3 Recommendations for Future Research
It is recommended for future research:
1. Study the effectiveness of utilizing electrokinetics when
rCll1cdiating a prccontaminatcd soil bed.
2. Study the transport of nano-iron particles In a field test. as
prcviously conducted. with the addition of a well for the
elcctrokinetic application.
3. I\nalyzc post-test iron species separately to galll a better
understanding of spatial iron concentrations and depIctions at
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Figure A-6: Voltage with respect to log time (NC3)
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Figure A-7: Comparison of redox potential to actual measured voltage across
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Figure A-8: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to distance (NC 1 - cathode side)
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Figure A-9: Comparison of redox potential to actual measured voltage across
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Figure A-IO: Comparison of redox potential to actual measured voltage across
platinum electrodes with respect to distance (NC2 - cathode side)
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Figure A-II: Comparison of redox potential to actual measured voltage across
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Figure A-12: Comparison of redox potential to actual measured voltage across





































Figure A-13: Comparison of redox potential to actual measured voltage across
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Figure A-14: Comparison of redox potential to actual measured voltage across
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Figure A-IS: Comparison of redox potential to actual measured voltage across
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Figure A-16: Comparison of redox potential to actual measured voltage across

































Figure A-17: Comparison of redox potential to actual measured voltage across



































Figure A-IS: Comparison of redox potential to actual measured voltage across
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Figure A-19: Redox potential with reference to Calomel electrode with respect to
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Figure A-20: Redox potential with reference to Calomel electrode with respect to
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Figure A-21: Redox potential with reference to Calomel electrode with respect to
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Figure A-22: Redox potential with reference to Calomel electrode with respect to
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Figure A-23: Redox potential with reference to Calomel electrode with respect to
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Figure A-24: Redox potential with reference to Calomel electrode with respect to
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Figure A-25: Redox potential with reference to Calomel electrode with respect to
log time (NC 1 - anode side)
154
APPENDIX
, , , , • I.
, .. , ."




.~..~~..: ;.;.;.~;. Redox potential .,
, . vs Log time -
cathode side . ,
~
-.- CAL(C) - E5 b~ 0.0
-.- CAL(C) - E6
___ CAL(C) - E3
Do CAL(C) - E4
....g.- CAL(C) - E1
-+- CAL(C) - E2
. . , , ,
. , , . ,
· , , . '"
· , ,
, "
-.. -- - -.- - - . __ .
· '" . ,.
, , .. ,', , .
· .. ,.,
• • I , ,',
, , .. ,.,
· , , .. ,.
, .. , ,.,
, . , . , ..
, .. , ,.,
, , . , ,.,
. " ., "
•••• _-- •• - -- -t- •• -_ ••• --- •••• - - -- - - -
, , .. ,', , "
· , .. ". , .
· , .. ". ,
1.50
(ij 1.00;::
c~ ~~.:A~!: : ::~ 0.50 ., _.: J~~'~~ ":" ':' .
~ 0.00 .. , . ~ i! Uf.J.!:
'C
~ 0 1 , . . . "tJ ...,-~ ~ ~ .0 , , ,
-0.50 ~. .;.~.:.;. ~ :.. _.~.~. ~.~~ : ~ .. ~.. :. ~.~.
I I , , , .,.
. , , , , '"
. , . , , .,.
I , , , , '"
, ,. , ...
__ • .~ .~ __ _ •••••••• ···.··_.. _4 ~· • •••••••• __ ._.
.. , ,.. , ,




, . " .,
, .. , "
, .. , "
, .,.,
, .. , .,
, . , , .,.
, , , , ...
, .. , ."
, .. , .,.
, .... ,
, .. , .. ,
: :: -.- CAL(C) - E7
, ,' ..






Figure A-26: Redox potential with reference to Calomel electrode with respect to
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Figure A-27: Redox potential with reference to Calomel electrode with respect to
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Figure A-28: Redox potential with reference to Calomel electrode with respect to
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Figure A-29: Redox potential with reference to Calomel electrode with respect to
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Figure A-3D: Redox potential with reference to Calomel electrode with respect to
log time (NC3 - cathode side)
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Figure A-40: Comparison of redox potential to actual measured voltage across
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Figure A-41: Comparison of redox potential to actual measured voltage across
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Figure A-42: Comparison of redox potential to actual measured voltage across
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Figure A-43: Comparison of redox potential to actual measured voltage across
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Figure A-44: Redox potential with reference to Calomel electrode with respect to
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Figure A-45: Redox potential with reference to Calomel electrode with respect to
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Figure A-46: Redox potential with reference to Calomel electrode with respect to
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Figure A-47: Redox potential with reference to Calomcl electrode with respect to
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Figure A-48: Anode and cathode chamber pH levels, temperature, and current
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Figure A-51: Redox potential with respect to iron concentration comparison to
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Figure A-59: Comparison of redox potential to actual measured voltage across
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Figure A-60: Comparison of redox potential to actual measured voltage across
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Figure A-61: Comparison of redox potential to actual measured voltage across
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Figure A-62: Comparison of redox potential to actual measured voltage across
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Figure A-63: Comparison of redox potential to actual measured voltage across
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Figure A-64: Comparison of redox potential to actual measured voltage across
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Figure A-65: Comparison of redox potential to actual measured voltage across
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Figure 1\-66: Comparison of redox potential to actual measured voltage across
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Figure A-67: Redox potential with reference to Calomel electrode with respect to
distance (N I - anode side)
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Figure A-68: Redox potential with reference to Calomel electrode with respect to
distance (N 1 - cathode side)
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Figure A-69: Redox potential with reference to Calomel electrode with respect to
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Figure A-70: Redox potential with reference to Calomel electrode with respect to
distance (N2 - cathode side)
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Figure A-71: Redox potential with reference to Calomel electrode with respect to
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Figure A-72: Redox potential with reference to Calomel electrode with respect to
log time (N I - cathode side)
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Figure A-73: Redox potential with reference to Calomel electrode with respect to
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Figure A-74: Redox potential with reference to Calomel electrode with respect to
























·······r················ ... ·················.··· ----.-.- .....
· .
•• ~ •••••••••••••••• oJ, •• _ •••••• _ ••••••• _ ••••••• _ ••• __ • _ •
· . .~~a---EP-.....--l!~~ : :






















Figure A-75: Anode and cathode chamber pH levels. temperature. and current
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Figure A-76: Anode and cathode chamber pH levels, temperature, and current
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Figure A-85: Redox potential with respect to iron concentration comparison to
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